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Abstract 

We discuss the contribution of the material type in metal wires 
. to the electromagnetic fluctuations in magnetic microtraps close to 

the surface of an atom chip. We show that significant reduction of 
O { the magnetic noise can be achieved by replacing the pure noble metal 

+1* . wires with their dilute alloys. The alloy composition provides an addi- 

tional degree of freedom which enables a controlled reduction of both 
^ ' magnetic noise and resistivity if the atom chip is cooled. In addition, 

we provide a careful re-analysis of the magnetically induced trap loss 
observed by Yu-Ju Lin et al. [Phys. Rev. Lett. 92, 050404 (2004)] 
and find good agreement with an improved theory. 
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PACS numbers: 

39.25.+k Atom manipulation 

72.15.-v Electronic conduction in metals and alloys 

07.50.-e Electrical and electronic instruments and components 

03.75.-b Matter waves 



1 Introduction 

Much progress has been made during the last 2-3 years in the technology of 
atom chip fabrication and the experimental control and imaging of ultracold 
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neutral atoms trapped near metallic and dielectric surfaces. This resulted 
in a significant improvement in the study of atom-surface interactions and 
provided reliable and reproducible information about the behavior of the 
atomic clouds trapped at different heights above the chip surface EQ-[I|. m 
magnetic traps close to the surface of the chip, atoms experience magnetic 
fluctuations which enhance harmful effects such as spin-flip induced trap loss, 
heating and decoherence. Good agreement was found between experimental 
measurements of these effects and their theoretical predictions presented in 
references |B]-[II]- A complete theoretical treatment of magnetic fluctuations 
close to metallic surface is based on summing the contribution of thermally 
occupied modes of the electromagnetic field in the presence of the metallic 
surface. This approach provides a manageable calculation of the magnetic 
fluctuations close to an infinite planar surface jEJ-JIB- A different approach 
(the quasi-static approximation) assumes that at low transition frequencies, 
magnetic fluctuations are instantaneously generated by thermal electric cur- 
rent fluctuations in the metal ^2]- This approach is not restricted to planar 
surfaces and is therefore suitable for calculating magnetic noise on an atom 
chip with complex structures. Both theoretical approaches predict the same 
dependence of the magnetic noise on the temperature and resistivity of the 
metal chip elements in the limit of a large penetration depth (low transition 
frequencies), although some differences occur in the dependence on the chip 
geometry. For a detailed review of the relevant equations, see the paper by 
C. Henkel in this Special Issue |15j . 

Atom chip surfaces have to meet stringent requirements and are conven- 
tionally made of copper and gold. Both metals are convenient in view of 
their ability to hold high current densities and in view of available technol- 
ogy (ease of evaporation, electroplating, and etching), gold being somewhat 
preferable due to its high resistance to corrosion. Furthermore, it appeared 
to be common wisdom that as the surface induced noise was a function of 
the ratio T/p (quasi-static approximation) between the surface temperature 
and its resistivity, there is no point in cooling the surface, since p usually 
scales linearly with temperature. 

In this work, we discuss the possibility of minimizing the surface induced 
noise by a proper choice of the materials and their temperature. As an ex- 
ample, we discuss several materials (normal metals or alloys) and convenient 
temperature regimes in which one may achieve both minimal resistivity and 
minimal magnetic noise. Experimental data suggesting that this is indeed 
possible is provided by the large difference in the scattering rates observed 
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for atom clouds trapped near different metal surfaces 0j. 

2 Material dependence of magnetic noise 

Our analysis is based on the theory of loss and heating for magnetically 
trapped atoms near metallic surfaces developed in |TT] and ^2]- Magnetic 
trapping of neutral atoms is limited by transitions into untrapped Zeeman 
levels. The transition rate r ^/ from the trapped state |0) into an untrapped 
state \ f) is proportional to the magnetic field fluctuations in the following 
way [TTj : 

r \- (0\fj.i\f)(f\fj.j\0) Mjf \ n\ 

i 0^/ = 2^ p dB^Ufo) [i.) 

where fa and fij = 1,2,3) are the projections of the atomic magnetic 
moment on the main axes and S^(ufo) is the spectral density of the magnetic 
noise at the transition frequency Ufo (for spin-flip transitions, Uf Q is the 
Larmor frequency of the atomic spin in the center of the trap). The spectral 
density S# is related to the two-point correlation function of the magnetic 
field fluctuations: 

(B*(x, w)Bj{x, uj')) = 2tt5(uj - a/)£g'(x, u) (2) 

where x is the location of the trap center. Typically, one is in the stationary 
limit of very low transition frequencies, where the wavelength of the radiated 
field is much larger than the dimensions of the system and the penetration 
depth of the electromagnetic field into the metal is much larger than the 
thickness of the metal structures. The spectral density of the magnetic noise 
is described in this regime by the simple product of a factor, which is material- 
dependent, and a geometrical tensor [T2"] : 

Sg(x, W ) = ^^-(x) (3) 

where ks is the Boltzman constant, /xq is the vacuum permeability, T is the 
temperature of the metal, and p its static resistivity. The geometrical tensor 
Yij{x) at the trap center is given by (note that the factor 1/2 is erroneously 
missing in Eq.(A.6) of Ref. [T2|): 
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Yij — tT^Xij "^Sij X{j 

13 2 J (x-x') 6 [ ) 

where the integration is done over the volume of the metal element. 

The spectral density of the magnetic noise in Eq. (J3J) is actually indepen- 
dent of the transition frequency and gives rise to a scattering rate which is 
proportional to the ratio T/p. This result of the quasi-static approximation 
is valid whenever the skin depth 5 = \j2p/ po^fo is much larger than both 
the distance d of the trap from the metal structure and the thickness t of the 
metal structure elements. 

In the opposite limit, when 5 is very small, e.g. as the resistance drops 
upon cooling, the penetration depth is reduced according to 5 oc p 1//2 , and 
the scaling laws with p and distance change. For example, above a metallic 
half-space, the quasi-static approximation (d <C 5) results in a scaling of 
T/(pd) El EE] while for d » 5 one finds a scaling of Tp l ' 2 /d A jTUl E] (see 
also a discussion in [THl EE! ) ■ 

An expression for the magnetic noise in the intermediate range where 
the skin depth is comparable to the thickness or the distance, exists only 
for planar (possibly layered) structures in the form of interpolation formulas 
[HI HOI or integrals to be computed numerically (see a review in Ref. [T3] 
and recent work in Refs. fUJ El)- For an infinitely thick metallic layer, 
Ref. ^T] suggests an interpolation factor of (1 + 2d 2 /35 3 ) 1 which should 
multiply the expression in Eq. (JSJ). This factor was shown experimentally 
to give the right trends, but is not very accurate at intermediate distances 
d ~ 5, where the integral expression gives a much better agreement with 
experiment 0]. Its important to note that in the regime of a short skin 
depth, d > 5, the magnetic noise power is actually reduced compared to the 
scaling law T/p. More specifically, the large-distance scaling of Tp 1//2 now 
implies a strong noise reduction upon cooling. In this work, we will mainly 
deal with the regime where the factor T/p holds. However, when describing 
our conclusions for this regime, we will also define its validity borders and 
address the consequences of entering the short skin depth regime. 

Taking gold at room temperature as our standard (and using similar 
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notation as in [I2j), we may write a simplified expression for V: 



r^^^EfftxiH (5) 

where \ib is the Bohr magneton, pAu,3ooif is the resistivity of gold at room 
temperature and matrix elements of the atomic magnetic moment 

between relevant states. To avoid complications of magnetic permeability and 
hysteresis of the chip, we consider here only nonmagnetic metals (having no 
long-range magnetic order). The resistivity of these metals is essentially a 
sum of two contributions p = p + Pph'- a temperature independent residual 
resistivity p , due to scattering of charge carriers by crystal defects and im- 
purities and a phonon contribution p p h, which can be described in the well 
known Bloch-Gruneisen approximation as [THj : 



,T\ 5 f e / T z 5 e z 



where A is constant and = huj^/ks is the Debye temperature, u; p h being 
the phonon cutoff frequency. The asymptotic temperature dependence of the 
phonon resistivity at very low temperatures (T -C O) is given by p p h ~ T 5 , 
while it becomes linear p p h ~ T at high temperatures (T 3> 0). One can 
then identify three regimes for the behavior of the ratio T/p that provides 
upper limits for the magnetic noise, as mentioned above: 

(i) at low temperatures the metal resistivity is dominated by the temper- 
ature independent residual resistivity po and T j p will decrease linearly 
when reducing the temperature. 

(ii) in an intermediate regime where the phonon resistivity dominates, such 
that p ^> po, but the temperature is less than the Debye temperature 
or comparable to it, the resistivity grows nonlinearly with temperature 
(Pph ~ T a , with a > 1) and T/p increases with reducing temperature. 

(iii) at high temperatures the resistivity becomes linear in T and T/p will 
be temperature independent. 

For real conductors the residual resistance ratio g = p(300K)/p (used as 
a quality parameter) has a wide variation due to its dependence on the purity 
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level, as well as the thermal and mechanical treatment of the metal. Con- 
ducting elements on an atom chip are usually fabricated as a film and thereby 
may have significant residual resistivity relative to bulk metals. Lattice and 
surface disorder in metal films, which is mainly due to grain structure and 
gas absorption, results in the increase of po [HI] • 

For the comparison of the magnetic noise produced by different materials 
we need not specify the geometry of the conductor, which is all contained in 
the tensor Yij. In accordance with Eq. (jSJ), we can formulate the optimization 
criteria as the following: the material used for the chip wires should have both 
the resistivity and the ratio T/p smaller than the gold standard at T =300 
K, in a convenient temperature interval. 

3 Pure metals 

Pure metals usually have high values of g, such that for 10 K < T < 300 K, 
their behavior follows that of the intermediate regime defined above, where 
the magnetic noise increases with cooling. This situation is illustrated in 
Fig. Q where the normalized magnetic noise of copper, silver, gold and nio- 
bium is presented as a function of temperature. The values are normalized to 
the magnetic noise level for gold at T =300 K. Respective resistivity behavior 
is shown in the inset. The data for the ideal (phonon) resistivity of the metals 
were extracted from (20] • We assume p to be 1% of the room temperature 
resistivity (such values are realistic for high quality films of 2-3/im thickness 
PH [22 ). One should note that the latter number is highly sensitive to the 
details of the fabrication process, including material purity, film thickness, 
granular structure and surface specularity. As can be seen from Fig. Q the 
magnetic noise from the studied noble metals is not reduced by cooling but 
rather exhibits a pronounced peak in the temperature range 20-50 K. 

As mentioned above in the discussion following Eq. © and (j3J), we need 
to define the validity borders of the T/p approximation. As an example, we 
consider a trap with a spin-flip transition frequency uifo ~ 2tt x 0.79MHz 
(_B =0.57G) near a copper-made conductor, as in the experiment described 
in Ref. jHj- The skin depth for copper with £=100 is 5 = 74pm at room tem- 
perature (p = 1.7pf2-cm), 5 = 25.3pm at liquid nitrogen temperature (p = 
0.2pfi-cm) and 5 = 7.4pm at liquid helium temperature (p = 0.017pf2-cm). 
Following the explanation given above, our analysis of pure metals at low 
temperatures will be restricted to trap distances from the surface of less 
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than 5, namely, less than 7/xm at liquid helium temperatures. Some correc- 
tions will be needed for distances close to 7//m and a separate treatment will 
be needed for longer distances. For higher temperatures, or for alloys with 
higher resistivity as in the next section, or for lower transition frequencies 
such as transitions between motional levels in magnetic traps (heating), the 
following analysis will be valid for distances of at least several tens of microns. 
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Figure 1: Temperature dependence of the normalized magnetic noise cal- 
culated using Eq. (jHJ) for wires made of copper (circles), silver (triangles) 
gold (crosses) and niobium (squares). The noise is normalized to the value 
for gold at T =300 K. Inset: temperature dependence of the resistivity (ex- 
tracted from [20]). 

In order to broaden the search we have performed the magnetic noise 
calculation for 14 metals having no magnetic ordering: Al, W, Au, Ir, Cu, 
Mo, Nb, Pt, Rh, Ag, Ta, Ti, Zn, Zr. The resistivity data for the metals were 
extracted from [20 . It is convenient to plot the normalized noise vs. the 
normalized resistivity at constant temperature. In accordance with Eq. ( J5| ). 
this plot gives a straight line with unit negative slope if plotted in a double 
logarithmic scale. The results of the analysis for the temperature of T =77 
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Figure 2: Dependence of the T/p ratio (normalized to its value for gold at 
300 K) on the normalized resistivity at T =77 and 20 K for various metals. 
The dashed lines correspond to the theoretical dependencies of the noise 
on the resistivity for the given temperatures (see Eq. (jHJ)). Metals having 
qualities better than those of gold at 300 K, are indicated in bold letters. 



and 20 K are displayed in Fig. |21 Both the noise and resistivity data are 
normalized to those of gold at T =300 K (thus, points appearing in the area 
restricted by the solid lines correspond to values better than those of gold 
at room temperature). We may observe that at least three metals (molyb- 
denum, zinc and platinum) at liquid nitrogen temperature and two metals 
(zirconium and titanium) at T =20 K have better characteristics than those 
of gold at T =300 K. For example, Ti-made wires cooled down to 20 K 
will have a factor three reduction in the noise and four-fold reduction in the 
resistivity relative to gold at room temperature. 

Finally, let us note that in this analysis we are considering only the mag- 
netic noise reduction due to the T j p ratio appearing in Eq. (j3J). The geomet- 
rical factor Yij may also contribute to noise reduction because it depends on 
wire thickness. As the resistivity drops with cooling, wire thickness may be 
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reduced while maintaining the same current. However, this may give rise to 
problems such as enhanced relative surface roughness, which may in turn en- 
hance harmful effects such as fragmentation. In addition, thickness reduction 
is limited as thinner films have an increased resistivity. 

4 Alloys 

More promising materials for a cooled atom chip could be found among 
nonmagnetic dilute metal alloys, whose residual resistivity is usually higher 
than in pure metals. In alloys, such residual resistivity may be set to a 
desired value by adjusting the material composition. The resistivity of a 
dilute binary alloy is given by 

p(x, T) = p (x) + Pph (T) + A(x, T), (7) 

where the residual resistivity po is proportional to the concentration x of the 
solute metal and p p h is the phonon resistivity of the solvent metal, which 
is not changed by the addition of the solute metal, according to the well 
known Matthiessen's rule. The last term in Eq. (J7J), A(x,T), is a correction 
to the Mathiessen's rule, which was intensively investigated in the literature 
(see, for example, 23 ). This deviation represents a change in the tempera- 
ture dependence of the resistivity at low temperatures and moderate solute 
concentrations and its measurement is important for the study of scatter- 
ing mechanisms in metals and alloys (for more details see Refs. |25]-|26]). 
However, its value relative to the total resistivity is small. Figure |3] shows 
the measured values of resistivity for Ag-Au alloys at different concentra- 
tions and temperatures. The inset shows that the deviation A from the 
Matthiessen's rule is less than 10% for Au concentrations between 0.1% and 
10%. At concentrations as high as 2% or more it is negligible. In the fol- 
lowing analysis we will therefore neglect the correction term A and assume 
that the Matthiessen's rule is a good approximation for the calculation of 
the magnetic noise. 

If the solute concentration is not very high (up to x =10-15%, where 
ordering processes may start changing the behavior) the residual resistivity 
of the alloy po(x) increases linearly with increasing component ratio |2~3*1 124[ 
12*7] . This concentration dependent residual resistivity provides an additional 
degree of freedom which can be controlled in order to obtain the desired 
magnetic noise and resistivity of the chip material. The concentration of 
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Figure 3: Measured resistivity of Ag-Au alloys with different concentrations 
as a function of temperature (231 EHl GHj • Solid lines are the predicted values 
according to the Matthiessen's rule. Inset: temperature dependence of the 
ratio of the deviation A(x, T) from the Matthiessen's rule to the total Ag-Au 
alloy resistivity for small Au concentrations. 
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Figure 4: Temperature dependence of the ratio T/p (normalized to its value 
for gold at 300 K) for silver and its alloys with gold: pure silver (squares), 
and with 0.1% gold (circles), 0.25% (triangles), 0.5% (inverted triangles), 1% 
(diamonds), 2% (stars), and 5% (crosses). The p{T) dependence for alloys 
was calculated using the residual resistivity data given by j2UE01- Note the 
difference compared to Fig. 1. 

the solute should not be too large. In accordance with our optimization 
criteria, the alloy is effective as a chip wire material if its total resistivity does 
not exceed gold resistivity at room temperature. In Fig. 0] the temperature 
behavior of the normalized ratio T/p is shown for a set of dilute Ag-Au 
alloys as well as for pure silver. The temperature dependencies p(T) for the 
alloys were calculated using Eq. (JZJ). The phonon resistivity data of silver 
(Pph,Ag(T)) were extracted from [20 , and the experimental values of the 
residual resistivity (po(x)) for different gold concentrations x were extracted 
from references f'2T) and |30j . 

From Fig. 0] one may conclude that the low temperature maximum in 
T/p, which is intrinsic for pure metals (Fig. disappears with increasing 
x. This behavior is general for most of the dilute alloys. In particular, it 
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is valid for the alloys we analyze in the following. In Fig. |5] we plot the 
normalized noise vs. normalized resistivity characteristics of the alloys Ag- 
Au, Cu-Au and Cu-Ge. As an example, the cooling of wires made of the alloy 
Ag+5%Au down to T =77 K can reduce the noise by a factor of 5 relative 
to the level of pure silver at room temperature, and by a factor 3 relative 
to gold. The latter factor is almost the same as that achieved, for example, 
for Pt in Fig. |21 but due to the unique alloy phenomena described above 
(Fig. HJ), a pronounced difference will appear between Pt and Ag+5%Au as 
the temperature is lowered further. 

According to Eq. (J3J), the product of the magnetic noise and the resistivity 
is linearly proportional to the temperature and independent of the material 
(as indicated by the sloped straight lines in Fig. EJ). A cooling procedure 
would reduce the magnetic noise relative to the magnetic noise of gold at 
room temperature by a factor (T/300K) • (pau,3oqk / pAiioyiT)) . It is possible 
to choose the alloy concentration such that pAiioy(^) = PAu,3ook, so that the 
resistivity will be kept at the gold standard but the magnetic noise will be 
reduced by a factor of T/300K. Hence, the noise of an alloy-made conductor 
could be reduced relative to the gold standard maximally by 4 times when 
cooling to liquid nitrogen temperature (T =77 K) and by 70 times by cooling 
to liquid helium temperature (T =4.2 K). This ratio of noise reduction is 
reached on the boundary of the optimization area. In particular, for the 
alloys Ag-Au, Cu-Au and Cu-Ge, the solute concentrations on this boundary 
equal 6%, 4.5% and 0.52% respectively (for T =4.2 K). The values were 
obtained from the po(x) dependencies presented in |2*41 12*§] . 

Thus, the main conclusion of this paper is that a significant simultaneous 
reduction of magnetic noise and resistivity is possible with both pure metals 
and alloys at 77K, and may be reduced even further by making use of alloys 
and further cooling. We note that a further advantage of wires made of 
alloys relative to pure metals, may perhaps be found in the fact that their 
resistivity is less sensitive to temperature fluctuations, since it is mainly due 
to the residual resistivity. This fact may contribute to current stability under 
temperature variations in space (along the wire) or time. 

In order to illustrate the effect of noise reduction on the lifetime of trapped 
atoms we present the predicted lifetime of 8 Rb close to a metal wire similar 
to that used in Ref. 0. Fig. El shows the experimental results together 
with a theoretical curve simulating the experiment with the copper wire 
at T =400 K (pcu = 2.64/xf2-cm). Details of the calculation are given in 
Appendix A (note that our calculation is different from that made in jH]). 
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Figure 5: Normalized noise (T/p) and resistivity characteristics for dilute 
alloys. The values for T/p and resistivity are normalized to those of gold at 
300 K. (a) Ag-Au alloys, (b) Cu-Au and Cu-Ge alloys. For (b) the solute 
concentration is given in brackets. The residual resistivity data for alloys are 
extracted from [21] and [30] . 
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Figure 6: Comparison of trapping lifetimes of Rb atoms above a copper 
wire on an atom chip [S] with a theoretical calculation (solid line) . Predicted 
lifetimes are also shown for a similar wire made of an alloy of Ag with 6% Au 
content, cooled down to T =77K (dashed) and 4.2K (dash-dotted). In both 
cases the resistivity was taken equal to gold resistivity at T=300 K, p^ u = 
2.21/if2-cm (same penetration depth). According to Fig. EK, the needed gold 
concentrations are estimated by x = 5.4% and x = 6%, respectively. Note 
that our calculation differs from the one made in (see Appendix A). Van 
der Waals forces are not taken into account. Let us also mention that the 
maximum noise reduction factor of 70 noted in the text, is not visible, due 
to the effect of the technical noise and/or background gas collisions limiting 
the lifetime in this experiment to a maximum of r tec h = 2.5 s |31j . 



14 



No fitting parameters were used, except for assuming a distance independent 
scattering rate of 0.4 s _1 jHl I3*T] . The predicted lifetimes for a similar wire 
made of the alloy Ag+6%Au, and cooled down to T =77K or 4.2K, are also 
presented. They show that lifetimes can be increased by more than an order 
of magnitude. When cooling down to 4.2K, the atomic lifetime is close to 
the limit set by (distance independent) background scattering even when the 
atoms are held Ifim from the wire. 

As suggested by Fig. [JJ the magnetic noise will not be reduced by cooling 
the copper wires, as long as it obeys the T/p law. However, as the tem- 
perature becomes smaller, one approaches the regime where the penetration 
depth 8 gets shorter than characteristic scales like the trap height d, and the 
T/p law must be amended. As mentioned before, in the simple case of an 
infinitely thick metal layer, the noise power can be multiplied by the inter- 
polation factor (1 + 2d 3 /35 3 )~ 1 to get the scaling for short skin depth [TT] . 
At large distances, the T/(pd) law is thus replaced by the asymptotic law 
|(2/ pQUjfoY^T^p/d 4 with a more favorable scaling with temperature. In 
Figure E| we compare the noise (relative to the standard of gold at room tem- 
perature) for a Ag-Au alloy and for a copper wire at 4.2 K, as a function of 
distance. It is seen that the noise from a cooled copper wire drops below the 
noise from a wire made of an alloy only at d > 45/im. This value is expected 
to be even bigger if a wire thickness t < 8 would be taken into account. We 
recall that the interpolation factor mentioned above actually overestimates 
the magnetic noise power, as illustrated in Ref . [TT] and in Ref. jl] by com- 
paring to numerical calculation and experimental data, respectively. The 
maximal observed discrepancy is about a factor of 3 at d — 8. On the other 
hand, one can expect an increase of the pure metal 8 at cold temperatures, 
due to the fact that typical pure metal wires have larger residual resistivities 
than the numbers used in our calculation. For example, Ref. [5] calculated 
8 = 103 /iin while our calculation uses g = 100 which leads to 8 = 92 /im. In 
summary, it follows that as far as magnetic noise is concerned, cooled wires 
made of alloys are preferable over cooled wires made of pure metals over a 
large range of distances from the atom chip. 

Finally, we consider in Appendix B the feasibility of cooling current car- 
rying wires to low temperatures. We analyze the expected heating due to the 
ohmic resistance and find that for considerable current densities, the tem- 
perature rise in the wires does not significantly alter the results presented in 
this paper. 
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Figure 7: Magnetic noise relative to the room temperature gold standard for 
an Ag-Au alloy (dashed line) at a temperature of 4.2 K and for a pure copper 
wire at 4.2 K (solid line) as a function of distance from the chip. The noise 
was calculated based on the interpolation formula of Ref. JT] (see text). The 
penetration depths used for copper and the Ag-Au alloy are 5 = 7.4/im and 
5 = 84//m, respectively. 



16 



5 Conclusions 



We have analyzed the dependence of magnetic fluctuations near the surface 
of conducting elements on an atom chip, on the material type and the tem- 
perature. We have shown that at low temperatures a significant reduction of 
the noise can be achieved by making the conducting wires from dilute alloys 
of noble metals. 

This improvement is due to the large value of the temperature indepen- 
dent residual resistivity of the alloys compared to pure noble metals, which is 
controllable by smoothly changing the solute component concentration. At 
least three important advantages of cooling wires made of alloys could be 
underlined: (i) reduction of the magnetic noise, thereby decreasing loss rate, 
heating and decoherence; (ii) possible reduction of the resistivity of the wires, 
and (iii) enhancement of temperature stability. With the data presented in 
this work, it is possible to identify alloys that reach a minimum noise level 
that is set by that of the expected technical noise. 

Finally, we note that for optimal noise reduction, a complete optimiza- 
tion is required for every specific situation. Such an optimization should take 
into account not only the T/p ratio analyzed in this work, but also the geo- 
metrical factor, which includes important parameters such as wire thickness, 
and trap height (see the discussion in Ref. ^7j for flat wires). We note that 
the geometrical parameters also define the validity borders of the T/p ap- 
proximation, and corrections have to be applied when the penetration depth 
becomes comparable to wire thickness or trap height. 
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A Comparison between predicted and mea- 
sured magnetic noise for thin rectangular 
wires 

For calculating the magnetic noise close to a rectangular metal wire of width 
w and thickness t we have calculated the tensor Y^- of Eq. (j3J) for a slab 
extending from y' = — oo to y' = oo, from x' = —w/2 to x' — w/2 and from 
z' — — t to z' — 0. The results of the integration for nonzero elements Yj 
are: 
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where we have used the definition 



[f(u,v)l =a _ =f( a ,c)-f(a,d)-f(b,c) + f(b,d). 
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In Ref. jS] the lifetime of trapped atoms was measured above the center of a 
rectangular copper wire of thickness t = 2.15/zm and width w = 10/zm. The 
temperature of the wire was estimated as 400 K (p Cu = 2.64yuf2-cm). The 
measurements were performed with 87 Rb atoms trapped in the hyperfine 
state \F, m) = |2, 2). The loss process was assumed to be due to the cascade 
of transitions |2, 2) — > |2, 1) — > |2, 0). By use of Eq. (JTJ) and Eq. Q we obtain 
for this kind of transitions 



\F,m)^\F,m-l) 



^fi 2 B g 2 F k B T 
4tt 2 p 



Y,Y n \{FMF 3 \F,m-l) 



(13) 



where we have substituted fij = fis9FFj- The contribution of off-diagonal 
terms of Y^ vanishes, given the symmetric position above the center of the 
wire. 



18 



In Ref. P3, the total lifetime of the trapped states due to magnetic noise 
was approximated to be T mag pa T\ + r 2 , where r 2 and r 1? which are the 
lifetimes of the respective levels |2,2) and |2,1), are equal to the inverse 
of the transition rates 721 = 1^2,2)^12,1) and 710 = r|2,i)-»|2,o)- A complete 
approach should take into account that the transition frequency between the 
magnetic levels is in the order of MHz, while the temperature of the surface is 
several orders of magnitude larger. This means that the atoms have an equal 
probability for transitions from |2,2) into |2, 1) and vice versa. We assume 
that atoms that decayed into the untrapped level |2,0) escape immediately 
from the trap region. The rate equations are then 

J t P%2) = -72l(P|2,2> -P\2,X)) (14) 
3^2,1) = 72l(^2,2) --P|2,l>) -TlO-^2,1) (15) 

J t P %o) = 710^2,1) (16) 

For our calculation, we make use of | (2, 2|Fj|2, 1)| 2 = 1 and |(2, l|Fj|2, 0) | 2 = 
3/2 for j = x,z, where we assume the direction of the magnetic field to 
be along the wire axis (y direction). We thus have 710/721 = 3/2, and the 
solution to the rate equations yields 

Pmag = P\2,2) + P\2,l) = \ [Se^ 2 - e" 3 ^'] (17) 

This gives an effective (1/e) lifetime of r = 2. 3647 2 ^ 1 . 

In Fig. |H1 we compare this calculation (solid line) to the simpler model 
described above where r mag = t 1 + t 2 (dashed line), while using the same ge- 
ometrical factors. For completeness, we also present the calculation of ref. j3] 
(dash-dotted line), who have used an interpolated formula for the geometrical 
factor. The experimental trap lifetime is restricted by technical noise and/or 
background gas collisions to a maximum of r tec h = 2.5 s |31| . Hence the to- 
tal trap lifetime is equal to r trap = (r~^ g + r te( ! h ) _1 . The geometrical factors 

were calculated using Eqs. ©-(JUJ). We see that the complete approach 
(solid line) gives a better agreement with experiment than the calculation 
based on the simplified model (dashed line). Based on this comparison, we 
make use of the complete approach, and present in Fig. H the expected trap 
lifetime for the alloy Ag-Au for different cooling temperatures. 
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height [jam] 

Figure 8: The trapping lifetimes of 87 Rb atoms above a wire on an atom chip 
for the data presented in Ref . [3] . The plot presents a comparison between the 
two calculation methods presented in the text and the calculation of Ref. [3] 
(dash-dotted line). The dashed line represents the taking into account of 
transitions in one direction only while the solid line represents the complete 
approach. 
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Hopefully, one would be able to construct a more complete theory that 
is compatible with the full theory presented in ref. [TT], while still enabling 
a practical calculation of finite structures ^5]- We then expect that at low 
heights above the surface (smaller than the penetration depth in the metal), 
the parallel components Y u and Y22 will decrease by a factor of 1/3, giving 
rise to an increase of the calculated lifetime by a factor of 5/3. On the other 
hand, the measurements of ref. [5] were performed with a thermal atomic 
cloud of temperature 1 /iK. One then expects that the cloud expands in the 
x, z directions to a radius of ~ 0.5 pm, so that the loss rate is significantly 
increased for the fraction of atoms that are closer to the metal surface. The 
deformation of the trapping potential due to atom-surface interactions of 
the van der Waals type (not included in Fig. EJ) may also contribute to an 
increased loss rate. These effects may perhaps explain the noted difference 
between all the calculated curves and the experimental results at low heights 
above the surface. 



B Feasibility of cooling current carrying wires 

In Ref. [32] ft was shown that the heating of a metal wire on an atom chip 
is characterized by two time scales: a fast time scale related to heat transfer 
through the contact and/or insulating layer from the metal into the substrate 
followed by slow heating due to heat transfer in the substrate. Heat transfer 
through the contact and/or insulating layer depends on the heat conductivity 
k of these layers. For a single contact layer of effective thickness d c and heat 
conductivity A c the number k is given by k = X c /d c . For a wire of width w, 
thickness h and resistivity p(T) the equation of heat transfer is 

hCw^T = hp{T)j 2 - A; AT, (18) 

where CV is the heat capacity of the metal, hpj 2 is the rate of generation of 
heat per unit wire area and AT = T — To is the temperature rise above the 
substrate temperature T . To get a rough estimate of AT after the heating 
we assume here that p(T) is constant within AT (for instance, as presented 
in Fig. Et, the resistivity of our example alloy Ag+5%Au hardly changes in 
the range of 4-77K). We then obtain a steady state value of AT: 

AT = hpf/k. (19) 
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200 




Temperature fK] 

Figure 9: Temperature rise in a current carrying wire as a function of the 
initial system temperature, and for different current densities. The wire 
geometry was taken to be as in Ref. The temperature rise includes the 
fast rise and a slow rise for 30s. 



The process of slow heating was modeled in Ref. |32j in a two dimensional 
model with an analytic and numeric solution. It was found that the slow 
temperature rise is given by 

Am hwpj 2 , /47r 2 At\ , , 

AT - = ^r ln (cw)' (20) 

where C and A are the heat capacity and conductivity of the substrate, 
respectively. 

Typical values of AT as a function of the initial temperature are given in 
Fig. ?? for a few values of current density j. The temperature rise contains 
the fast heating and slow heating after 30s. The calculation was done for 
the geometry of Ref. j^21, namely w = 5/im, h = lA/im and p = pa u ,3ook- 
Since the dependence of the heating on the current density j is quadratic, 
it follows that if the temperature of a wire holding a current density of 10 7 
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A/cm 2 rises by 50 K, then a wire with current density of 10 6 A/cm 2 heats 
only by 0.5 K. 

We may conclude that the reduction of magnetic noise by cooling will al- 
ways be limited by wire heating if the current density in the wire is large. The 
heating will still be negligible for current densities of the order of 10 6 A/cm 2 
or less. One should note that improved geometries, such as wires buried in 
the wafer (thus transferring heat to the wafer through 3 facets), will further 
improve the allowed current densities. 
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